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change from westerly to southerly is contrary to what 
might be expected. Bowever, the kxplanation is to be 
found in the fact that precipitation occurred first to the 
south, and as the gradient changed to cause south- 
southwest wind, cloudiness and lower temperature were 

"'-'I Nov. 17. 1522 - a . m .  v Surface SSW 

r-----..---- -1 ?. 

FIG. la.--bquencs of Iree-alr conditions at ?rex$, Novempr 16-17, 1922. Upper eeUre ahows .gea-level pressure at 7 a. m., ninetieth meridian. time, November 17, 
and fresalr winds over Dmel at approximately corresponding time 

transported northward, first in the upper layers and later 
in the lower. The final result is a senes of strata of cool 
damp or cloudy air, alternating with strata of relatively 
warm dry air. It is again found that precipitation began 
as soon as pressure started to fall decidedly. It is there- 

fore probable that the mere transport of air from regions 
where recipitation is occurring can not of itself cause 

fected. Whether such accumulation of cloude air is 
brought about in a deep layer having an unbroken lapse 
rate, or in a series of relatively shallow strata consistmg 
of alternate lapses and inversions in temperature, it is 
apparent that in neither case is precipitation of come  
quence possible until there occurs the pressure change 
necessary t,o bring about forced ascent of air. The case 
of this series conipels the opinion that rain was caused 
neither by instability, inasmuch as there was no deep 
layer having strong lapse rate in temperature, nor by 
ascending a slope of discontinuity, since the wind direc- 
tions-were very nearly uniform with altit.ude. 

8 other t g an very light precipitation over the re 'on af- 

CONCLUSIONS 

A feature of these graphs is the fact that but few of 
them show any prominent differences distinguishin them 

is 
cons icuous even in cases where pronounced differences 

attached thereto would naturally be inferred. For 
esample, while the raph of November 8-9, 1917, is 

nieans typical of the general pressure situation in which 
it is classified; in fact it is uite closely imit.ated by the 

under a decidedly different situat,ion of surface pressure. 
I t  is obvious that the most important. group differences 

shown by the graphs ertain to seasons rather than to 

for this seasonal influence is easil understood by refer- 

larly for continental sections, seasonal peculiarities in 
the vertical temperature gradients are readily identified. 
While the division into types is nevertheless justified, 
the testimony of the graphs seems to be that by whatever 
processes precipitat.ion develops in a given .scyon, the 
vertical structure of tern erature and humidity shows 

begins. 
The conclusion seems well founded that the various 

processes of precipitation formation ultimately resolve 
theniselves into a free-air structure comprising strata 
of greater or less depth having lapse rates equal to.or 
greater than the moist adiabatic rates for the prevailmg 
teniperatures. Notwithstanding this, consideration of 
precipitation ty es in connection with surface and free- 
air conditions s ould lead to a better understandin of 
t,he subject, to the end that these types and their deve op- 
ment may be recognized on the weather maps. 

from the rest,. This apparent lack of individuaity 5 
in t fi' e temperature-nltitude curves and other data 

one of the most stri f -ing of the collection, it is by no 

graph of June 12, 1917, whic B portrays free-air conditions 

any other divisions, ar E itrary or-othemise. The reason 

ring to t.a.bles of average free-air c9 ata, in which, particu- 

substant,ial similarity w R en the precipitation stage 
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A STATISTICAL ANALYSIS OF SOLAR RADIATION DATA 

By H. W. CLOUQE 
[Weather Burmu, Washington. D. C., September, 19251 

(Read at the Washington meeting d the Amerlmn Meteorological lociety, M a y  2,1825. 
Abstracted In Bull. Am. Met'l. Soc., July, 1925) 

SPNOFSM 

An attempt is made- to  determine by statistical analysis the 
degree of validity of the  values of solar intensity derived from 
pyrheliometric or bolometric observations, Both correlation co- 
efficients and the mean dispersion of the data are employed. 
Certain physical relations" are assumed to exist between errorless 
elements of data and constitute criteria for determining the validity 
of derived values. 

Numerous correlation coefficients between both the daily values 
and the monthly means of solar radiation elements at Mount 
Wilson are presented. A high negative correlation, averaging - 0.55 to - 0.60, between the apparent atniospheric transmission 
coefficient, a and the apparent solar constant, Ao, is a feature of all 
daily pyrheliometric data. This is known to  be due to changing 
transparency between low and high sun observations. A similar 
high negative correlation both for daily values and monthly means 
esists between the solar constant, E 0, and the transmission CO- 
efficient. Since zero correlation should exist between these ele- 
ments, i t  is inferred that the derived values, E'o, are-a-function of 

A high negative correlation, -0.60, between the mean monthly 
values of Elo and An, is regarded as strong evidence of the unreality 
of the variations of the monthly values of_E'o. 

atmospheric transparency. @. w, 111' 
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A high correlation, +0.87, exists between Dhe yearly nieans of 
the scatter of a and of the scatt.er of Eo, and a negative correlatioii, 
-0.74, between t.he yearly means of A? and t.he scat.t,er of Eo. 
These hi h correlations where none should esist sliow t lint, t,he 
scatter o f &  is due to at.mospheric variations. 

It is shown that as the elevntion increases the sr:tt.ter of hoth 
the observed intensity, A, .  and of the derived value irf t.lw solar 
constant, EO, decrease pari pueeri 1vit.h t.he scatter of ( I ;  and the 
inference is that these variations would almost, vanish at. thr. IJiit.Pr 
limit of the earth's atmosphere. 

A selection of 53 high grade d a y  at Mount. ~%?lSOIi, 1.S km., 
yields a probable error of &O.(i6 per cent. for A i ,  w1ii:w:ts thv 
probable error of E'o for all days is GO per cent. greakr. 

Five sets of pyrheliometric observations taken by tlitfereiit 
observers at stat.ions 3.3 to 4.5 kni. in eleratioil give results SUI) -  
stantially in agreement, in indicating that at 4.0 kin. 011 high 
grade days with vapor pressure averaging 1.5 nini. t.he pnJb:lhll' 
error of dl is about f0.10 per cent.. 

Since the probable error of the pyrlieliomet,er reading is about 
f0.30 per cent,, it  is obvious that after xllowixig for the error,of 
estrapolation to air mass one, and for residual atmospheric. varia- 
tions at an elevation of 4 km. little is lcft. for posail)lr solnr 
variation. 

Int;rodzlctio.n.-The solar radiation c1at.a aunlyzecl and 

ments made by Abbot at Washington, Mount Wilson. 
Mount Whitney, Bassour, and C'alania: nnd fragnienbnry 
yrheliometer observations inade under t;lie direction of 

gigelow a at Cordoba and La Quiaca? Argentina, and at 
La Confianza, Bolivia; and by the Angst,I*nis at. t'hr 
Peak of Teneiiffe 

Following the notation of the Astrophysical Obsei~a- 
tory, the symbols representing t,he elements referred to in 
the paper are, e, the vapor pressure in mi1liinet~ei.s: 1). I / ' .  
the precipitable water in the entire ntmosphere above t,he 
station as determined by the bolometer; a, the apparent 
atmospheric transmission coefficient, or t,he coefficient) for 
a definite wave length, as 0.8 p ;  A, the intensity of so1it.r 
radiation at  the earth's surface, with subscripts 0, 1, 2, 3, 
etc., to indicate the air niass. If the sun be in the zenit,li. 
the intensity is A,; Eo is the solar coiist.ant, or E', with 
water va or correction ap lied. The. mathen~aticnl 

discussed in this paper include the solar coristant niei;. : *uI.i?- 

a.nd Mount TUiitney.' 

relations getween the yrhe P iometric d a h  are simply 
expressed by the formu P as, dl =Ao a;  A? =Ao a2. 

The statistical processes which have been employed i n  
the investigat,ion include the cornpubation of coefficients 
of correlation for both daily values and mont.lily means. 
and the determination of the mean clay-to-day variabilit,y 
for each year for all t.he elements. The method of 
correlation mainly employed is t.hat described in this 
REVIEW, volume 52, 1924, page 434. The mean vari- 
ability, or the mean of bhe consecutive variations without 
regard to sign, is regarded as the appropiiate i n k  of 
dispersion for emplo nient in this investigation, because 

tions which may occur in one element and not in the 
other and which would render the standard deviat,ions of 
the two elements not comparable with each ot.lier. 

Physical relatiom betroeen ~7eme.nts of datu. -For t,he 
interpretation of the statistical coefficient.s, certain physi- 
cal relations which should be found between these ele- 
inents are presented below because t.hey const.it.ut.c 
criteria for deteriiiining the validity of the derived values 

. 

it  is wholly indepen B ent of a.ny secular or seasonal raria- 

__ - . ._ _. __ - -_ . - ... -... ..- .- .. .. .. . - . . . . 

1 Annals of the Astrophysical Observatory, Vol. 111, 1913; IV, 1922. Washington. 
By  C. 0. Abbot, Director. 

2 Bigelow, F. H. The Thermodynamics of the earth's Rtnimphere from the surface to 
thevanlshingplane. OEcins Meteorolbglca Ar~ntinn.  Bo1etin.I. 1914. Duenos Aires. 

8 dnmtr6m. Knut. Intensite de la radiation solaire & diffCrentes altitudes. Rc- 

4 -ingstrom, A. K. and Kennard. E. H. Sone pyrh~lioinctric~ otwrv:lliuiis (m M o u n t  
cherches faites h Therille, 1895 et 18%. Upsala, 1900. 

Whitney. Astro. Jour., 39-350. 1914. 

available for analysis. Such data comprise all values 
derived from the pyrheliometric observations of intensity, 
including a ,  -4", A,, also from the bolo raph trace, as 

we assumed to re resent real values, unaffected either 

errors of derivation. 
(1) Hi 11 positive correlation between a. and A,, A?, 

A,. --la, t,Ee c.oIwlntion increasing w7it.h the air mass. 
(2)  Zero c.orrdation between a. and A,. The latter is 

:in qprosimate solar c.onstant, witah atmospheric effects 
supposed t.o be t4iminat.ed h;v, t,he process of extrapola- 
t.ion to zero nir mass. 

(3) Zero correlation between a and E,. 
(4) Zero corre1at.ion between the dispersions of a and 

E,,. 
(5)  Zero wrrelation hetween E,, or it.s dispersion, and 

11. w.,  or f. 
(6.1 Posit,iue correlntion, increAauin$ wit,h elevation, 

l-ret,wcen the values of E, and AI, a o between their 
dispcisions. The. magnit.ude of this c.orrelat.ion should 
\arp with the ratio o f  solar bo t.ota.1 fluctuat,ions. 

(7)  The disprrsion of n should show a ro ressive 
dwrease with inc.rcnse in elemtion abore sea P S  eve: . 

(S) The dispersion of  Ii0 should not vary with clian e 
t ) f  clevat,ion, hut, tlint for -i, should decrease appreciab 7 y 
unlcss solar clianws tire relatively great. 

ibrrrdution of &lily tl&.-Tliere are ttvnilable 16 years 
o f  Mount Wilson data, but the correlation coefficients are 
coniput.ec1 mainly for the yeam 1908-1918. The follow- 
inu table shows bhe coefficient,s for daily data at  Mount 
&on, based on 500 to SO0 values. 

Eo, E'u, p. 'u'. and a . The symbols an d items of data 

by errors of direct o E serration or by the frequently greater 

The table helow SJIOWS the coefficients for the daily 
duta at Cordoba for the year 1913, based on 85 values. 

'rasm 'L.--C'orrclatiun rueficifnta at Cordoba 

Tested by criterion (1 1 nbove, the positive correlations 
of a with A?. A,, A,, are physically consistent, but the 
niagnitude of the coefficient for A, seems too low. The 
conipartitively large negative correlation between a 
and A, is a characteristic of all pyrheliometric data? 
For esam le, at  Washington it is -0.51; a t  Bassour, 
-0.65; d l w a n ,  - 0 . T O :  Hump Mountain, -0.70 and 
u t  La Quixcti. -0.51. The esistence of this 1iic.h nega- 
tive corrc4atinn hetween a and A, is evidence 07 ntmos- 
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pheric control (Criterion 2), and is the result of changing 
trans arency between low Rncl high sun observations." 

- 0.6+ between E', and the transmission coefficient a 
at wave length 0 . 8 ~ .  This is hi her even than the 
correlation between a and A,. ' R e i  values of the solar 
constant and a should yield zero correlation. Th.4 
existence of this high nqative correlation. bcticeen. a p t i i d y  
utmoapheric datum and alliyed daily solar con.stant ~ d r i t s  
constikitea strong wideme agoiiiet th air reality QX .yolur 
c7, anges . 

The correlation, +0.49. between E', and AI, at Mount 
Wilson (Table 1) if considered entirely by it,self implies 
a day-t.0-da.y solar varia.t,ion amounting t.0 about one- 
third as much a.s that cn.used by all other variations. 
This inference, however, is not consistentv with the other 
correlations in Table 1, and is, moreover, inraliila.t.et1 
by all the other findinov in this Itper. 

clay solar changes niay, however, ar e that, rliiily 
values may be adversely ciffected. ancysu.cli chunges 
obscured, by uneliminated atmospheric variat.ions, but. 
that real long-period so1a.r changes will appea.r when the 
accidental features of the daily values are eliniinnt.ed 
by averaging a larg! number of observations. This 
view has some plausibility, but wlien monthly means 
tire correlated, similar close relations, where none slioultl 
be found, are still in eviclence as shown bg the high 
correlation c0efficient.s in Table 3. These coefficienbs 
are based on the 75 monthly means nvailable for 15 
yeais at Mount Wilson. 

Re F erring to Table 1, there is shown a coefficient of 

Correlathn of month,& data.--' F he aclvocat,es of tlay-t,o- 

TABLE 3.--C'orrelntion cue..cietrte between monthly n&em r~alrtes of 
solar radiution elenicnh ut Mortrit Wihon, 1905-1920 

11 = 75 

I Exclusive of the )'em 1Y13 and 1913. on rmount of Katmni dust emsing ahnormiilly 
depressed values of u and -41. 

The correlation between E', and a at  wave length 
0 . 8 ~  is -0.64 f0.05, as com ared with -0.61 for the 
daily values. As in the case o F the latter, this high nega- 
tire correlation where none should esist, forbids any 
conclusion that the monthly differences of E', represent, 
even approsimately, real solar changes. 

If solar changes occur from month to month, there 
should be a positive correlation between E', and A ,  
(Criterion 6), and less correlation, but still positive, 

-_ - 
8 More dearly to reveal the fact that the daily values have a high negative correlation 

the formnls em loyed muqt exclude the influence of the marked sesousl varintions In 
a, which stronf$y affect the coefficients obtained by the ordinary method. This is 
accomplished by the formula used in the present instance. Thus, the Mount Wilson 
data selected by Abbot In his paper "The temperature and radiation of the sun." 
(Astrophys. Jour., 1016). to prove, the nonesistence of an alleged negative correlation 
between a and Eo, yleld by the ordinary method only -0.M *&lo, m i?ppmently negli- 
gible amount. Correlating the same data by the method used in bhis paper gives a 
coefficient of -0.55 f0.07. 

On days when the intensity at a large air mass, A4 for example, is very low. there is 
slow red value of a; but wlth the tendency to increased trans,p~encY toward midday. 
frequently characterlstlc of such day% a the ap S n t  trammission as measured bv the 
slope of the line joining the low and'hi 'h sun ogservations is too low and there iesult 
too hlgh values of Ao. With a hfgh vafue of -44 on the o thr  hand there is nssmiated 
a high mal value of 0 ,  hut since there is on surh dags B tendenc; toward decreasing 
transparency, caused by strong convection and increased evnppratlon. the depressed 
dope of the line causes too hlgh values of the apparent transmission and too low values 
of Ao. 

between E', and A,. These observations over a eriod 
of 75 months, however, show a high. nqative e o l w  P ation., 
-0.60 fO .05 ,  between E', and A2 which is to be inter- 
preted as additional striking e d e n c e  that the fluctuations 
of even the monthly means of E', at Mount Wilson 
are caused by atmospheric and terrestrial rather than 
solar changes. The value A, is a purely terrestrial datum 
obtained by pract,icnlly direct observation. 

The r.orrslnt.ion of E, with A? is less than t.liat, of E',? 
while for Eo ant1 A, tliere is a small positive correlation. 
This mag mean that E, is a more representative value of 
the solar const.ant than E',. It is more probable how- 
ever t,liat. it. mtwis sim dy  that the systematic influences 
t,encling t.o cause B hig ! i negative correlation of E', with 
-I2 are somewhat. less operat,lvc? in t.he C L S ~  of E,. 

Incidentally, it niay be st.atec1 t-hat the correlation 
bctween t,he monthly means of E', ancl the monthly 
sunspot numbers is - 0.29 f 0.07. certainly very slight 
eyidence of relntionship. On the ot,lier hand, tlie 
correlation of the sunspot nuniherswitli a purely terrestrial 
datum, A, is +0.56f0.05. There is as get rw sa.t,is- 
fnc.tory interpretation of this rather large coefficient. 

The intensity, -42, has, as must be espected, a high 
negative correlat,ion, - 0.77, with tlie precipitable water. 
Mean monthly values of these elements in rnble 4 below 
show well marked imnud perioclidies wit.11 phases in 
op osition. i. e. a nitmimum . ti'. ancl a minimum A, in 
Ju f y, which is consistent wit R the high negative correla- 
tion. The negative corylidon between p .  'tr. ancl a, 
-.GO, is also consiste.nt ~vith the opposition in phase, of 
their annual fluctuation. 

The high negative correlation, - 0.60 0.05, Table 3, 
between E', and A, derived froni the month to month 
chan es. should likewise lead us to infer mi unn.rcab 
perio%icify ,in. E', 0' posite to that in a42. The mean 

lation coefficients. The .gositive correlation + 0.42, 
between p. w. and Eto, is h -ewise confirmatory. 

The esist,ence of this annual period is further evidence 
of t,he unreliability of E,  as a measure of solar intensity. 
TAP m a n  variabilif!y of the data at MOti.ni Wilson..- 

Considering now the other statistical index utilized, there 
Itre found similar close relations between alleged solar 
and purely terrestrial data. 

The mean value and the mean variability of a number 
of solar radiation elements as corn uted for each year for 

the averages for the whole period? excluding 1912, when 
t.he Kntmai clust caused abnormal yearly means and an 
excessive scatter of all data. These yearly mean varitlr 
bilibies are derivecl from day-to-day changes, averaging 
libout 75 er year. This measure of dispersion is incle- 

in one vnrinnt and not in the other: moreover, as alrcadv 
point,ecl out it is through the clay-to-day changes that 
and a are so closely rehtecl. 

monthly values con f! rm this decluction from the corre- 

Mount! Wilson are shown in the P ollowing Table 5 with 

pendent o F any systematic or secular variations occurring 
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tal. 
1.397 
1.395 
1.379 
1.400 
1 . m  
1.429 
1 . m  
1.314 
1.374 
1.413 
1.382 
1.353 
1.388 
1.380 
1.353 

1.380 

TABLZ li.-Yearly means and yearly mean variabilities of solar 
radiation datu at Mount Wilson 

-- 
a 

-- 
0.018 
.013 
.013 
.013 . o n  
.Ol2 
.030 
.OM 
.014 
.Ol2 
.015 
.017 
.017 
.014 
.017 

I .014 
-- 

Yearly mean 

.033 

11 Mean variability (.t) 

- - 
I .013 

- 
6 

- 
mm. 

7.4 
6.2 
4 8  
5.3 
6.4 
5.1 
5.0 
4.8 
5.1 
4.4 
5. 2 
6.5 
5.8 
4.8 
5.5 

5.6 
-- 

mm. 
(LO 
9.0 
7.8 
7.2 
5.0 

5.0 
8.0 
1.5 
2 5  

1.3 

e a  

-- 
a m  
.828 
.858 
.801 
.SKI  

.844 

.902 

.803 

.930 

.929 

_- 

EO 

ca1. 
0.040 
-033 
.or3 
.036 
.036 
.036 
.072 
.w 
.034 
.027 
.030 
.w4 

.024 

. w 1  

- 

.oa3 

a 

1.051 . Ocl .on 
.041 
.Ol4 

- 
Aa 

Gal. 
0.053 
.053 
. O B  
.041 
.043 
.041 
.059 
.047 
.045 
.M7 
.a44 
.Ma 
.048 
.043 
.M2 

- 

I 

I 
__-.I-- 

cal. cal. eal. 

.05? . a 7  ___-- 

.M2 .015 .OB0 

.088 .083 .034 

. a 9  .044 .034 

am a 113 0.115 

- 
AI 

Gal. 

0.033 . 041 
.w9 
.034 
.049 
.040 
.041 
.043 
.os 
.041 
.M5 
.045 
.045 

. 040 

- 
.____ _-. 
.___- --. 

-- 
- - ... 

Table 5 shows';the relative amounts of scatter ex- 
pressed in calories for A,, A,, and E,. The average 
yearly mean of A1 is 1.56 cal.; of A, 1.74 cnl. A part 
of the scatter of A, is due to the error of extrapolation 
from the high sun observation, the air mass varying 
from about 1.2 in June to 1.5 in Oct-ober. 

This is shown by the small values of t,he correlation 
between AI and a, +0.40 at Mount Wilson, in latitude 
34O, Table 1, and +0.35 at Cordoba, in latitude 31°, 
Table 2. At La Quiaca, on the other hand, in latitude 
22O, the correlation is + 0.50. The smaller coefficients 
at  higher latitudes are very likely due to increased 
scatter involved in extrapolation from a larger air mass. 

Extrapolation increases scatter at sur mass zero but 
reduces scatter due to da to-day changes in air trans- 

is that the scatter of A, differs but little from that of A,. 
At Mount Wilson the mean variabilities of these values, 
in percentages, are A,, f2.57; A,, f2.47. At La 
Quiaca the variabilities are Al f1.34; A,, f1.25. 
At Cordoba the ercentage variability of A for various 

parency. The net result, {- owever, as shown by Table 5, 

air masses is asfo Y lows: A ,  f12.3; A,, f8.6; A,, f5.3; 
A ,  f3.7; A,, f4.0. 

It is clear, therefore, that the error of extrapolation is 
responsible for a very considerable part of thsscatter of 
A1, and for a &ill larger proportion of the scatter of A,. 
Since the correlation of A and E, is very hi h, +0.71 
(Table l), it is inferred tkat the scatter of go is very 
1 ely of terrestrial origin. 
?!!he yearly means in Table 5 show rather high corre- 

lation. Between a and A,, it is +0.57. (Criterion 1.) 
Some of the data in this table are plotted in Figure 1. 
It is clear that the yearlypcatter of E varies directly 
with the scatter of a and inversely wit& the mean in- 
tensity A,. (The scatter of E Io is only 1 per cent less 
than that of ET) The correlation between the data of 
curves 1 and 2 is +0.87f0.05; between curves 1 and 3 
it is -0.74rtO.07, the latter curve being inverted. 
(These correlations were computed by the ordinary 
method, there being only 15 values.) It will be seen that 
in 1912, the year of the Katmai eru tion, and to a less 

increased and the intensity *4, decreased. (Cf. Criteria 
4 and 6.) 

In  curve 1 B dotted line drawn from 1911 to 1914 
shows the probable course in the intervening years if 
the Katmm dust had not prevailed. Thus adjusted, 
curve 1 shows a high correlation with curve 4, the mean 

extent in 1913, the scatter of E, an $ a was abnormally 

ressure. Theoretically, the correlation between 

Here again, the year1 data, based on more than 1,000 

tion should esist, and confirm the previous inference 
from the niontldy means and the daily data that a very 
large ya;rt, iffnot a.11, of the variations in E, must be asmibed 
io a.tmospheric muses. 

decrease! i n  scatter of all data with increming a &&.-If 
solar variations are a large part of the day-to-day chan es 
in E,, or derived values of the solar constant, and t B e 
errors are small, then the higher in the atmos here the 
daily observations are made, the more must t 7l e errors 
diminish and the variations of Eo become relatively 
greater. 

There are available for this purpose observations at 
the followin0 stations: Washington, 39O N.; Mount 
Wilson, 34" R.; Mount Whitney, 37" N.; Tenerif€e, 28' 
N.; Rassour, 36" N.; Calama, 23"s.; La Quiaca, 22" S.; 
La Confianza, 22"s.; Cordoba, 31's. Washington and 
Cordoba are low-level stations having somewhat similar 
characteristics. Mount Wilson is a peak well within the 
limit of the lower convection currents. Mount Wbitney 
has an elevation above the lower convection layer, insuring 
reat steadiness of atmospheric conditions except for 

focal ascending currents near midday in the vicinit of 
the peak. La, Quiaca and La Confianza are on a 6 g h  
plateau in a dry region. 

The mean variabilit ' of various elements for each of 
the stations is given in gable 6, and plots of the percentage 
variability for a and AI are shown in Plate 1, Figure 2, 
and for a and Eo in Figure 3. 

TABLE 6.-Mean value and mean variability of solar radiation 
elements at stations with eleiiations ranging from sea level 
4.5 kilomelers. 

vapor these e r ements should be zero. (Criterion 5.) 

daily values, show hig t coefficients where zero carrel& 

rpessive! SmaZlnms of possible solar va.riafion shown by 

Kliat do the data show? 

-_ 
I I 

meterr 

19oCrl907. Washington. 
1913-13 ... Cordoba _ _ _ _  
1911 _ _ _ _ _ _  Bassour _ _ _ _ _  

Mean value 
- 

AI 

cal. 
1.3EI 
1.440 
1.458 
1. a40 
1.560 

1.404 
1.580 
1.700 
1.700 

1.740 

- 

Mean variability (*I 

.Mw 014 _ _ _ _ _ _  _ _ _ _ _  I .  I I 

Per cent 
- 
a 
- 

6.5 
3.8 

6.1 
1.6 

1.2 

3.3 

a. 8 

a9 
0.13 

a 4  

- 

- 
AI 
- 
6.8 

2 9  
5.1 
1 5  

2 2  
1.4 

0.8 

a.7 . 

a 3  

a9 

- 
It should be borne in mind that the mean variab.il.iEies 

of these pyrheliometric observations at different stations 
are comparable, although the instruments or the methods 
of reading them ma not be standardized to yield com- 

Criteria 7 and S), wide fluctuations in the observed 
intensity, A,, associated with similar fluctuations in the 
transmission coefficient, a.? occur at sea level with the 
entire mass of absorbing and scattering atmosphere 
above the station. Thus at  Washington the mean 
variability of the two elements is about f7 per cent. 

parable absolute vaues. s As should be espected (cf. 

7 The ratio of the probable error to the mean variability la 0.80; to the mean deviation 
It Is 0.85. 
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On the other hand at  the extreme highest strations the 
variability of A, is reduced to f0.85 per cent. 

It is clear, therefore, that the pure pyrheliometric data 
show progressively less scatter as we ascend in the 
atmosphere, and furthermore that the percentnw varia- 
bility of the scatter of a is approximately oquaf to, and 

the 

at 45 , joining equal percentages of mean variability of a 
and A,.. 

The mference from the diagram is that at  still higher 
elevations the variations of A, would show a propor- 
tional decrease. If, however, real solar variation exists, 
the line joining the variabilities of a and A, would, a t  
the limit of the atmosphere, intersect the s--axis at an 
appreciable distance to the right of the origin. The 
scatter of a would vanish, and the scatter of A,, exclusive 

us8u with that of A,  as shown b 
!%!$%!?w%ich the data lie along the line, B rawn 

PLATE I.-Year1 valuea of solar radiation elements at Mount Wilson and mean per- 
centage variabhty of a, At, and Eo, at Elmithsonian and Argentine observing stations 

of instrumental error, would obviously coincide with 
that of the real Eo at -this point. 

Figure 3 shows a similar progressive decrease in the 
scatter of & as the elevation of the station increases. 
The stations are those of the Smithsonian Institution 
and the values for & are those made by the long method 
only, and hence are entirely comparable. The scatter 
of the values obtained by the p anometer method at  

closeness with which the data lie along the 45O line is 
remarkable and indicates correlation in  ezcess of $0.90 
between the variations of a. and Eo at diferent sta.tions. 

The small value of the scatter of Eo at Calama, for 
example, is due entirely to the correspondindy small 
scatter of the atmospheric transmission coe&cient at 
this point, and hence can not be held to result from any 
im rovement in the method of reduction. 

k h a t  the observations show, therefore (figs. 2 and 31, 
is a very rapid diminution of all variations, both of the 
int,ensities A, and E,,, and of a.. If solar variability 

Calama is about half that by t r e long method. The 

formed even one-half of the variations of A, at Mount 
Wilson or Calama, the latter should cease to diminish, 
even thou h the variations of a vanished altogether. 

7 would vanish at the same time, and one is 

of possible solar variation, if it exists at al& as only a 
small fraction of 1 per cent. 

Sm.a7lness of possdde solar variation shown 6y 8 m U  
scatter of A at very high altiiudes.-There are data avail- 
able from lour stations, all occupied before 1914. I(. 
Angstrom made a series of observations of high merit 
n t  Teneriffe in 1S96, June 21 to July 3. At Alta Vista, 
3,260 meters, observations were taken near midday on 
eight days and the mean of the maximum intensities 
was 1.612 cal., with a mean deviation of fO. 010 cal., 
or f0.62 per cent. At the Peak, 3,700 meters, observ- 
ations were obtained on two days, the difference between 
them being 0.008 cal. The 10 observations yield a mean 
deviation of f0.54 per cent. The air mass in no case 
exceeded 1.01. The mean vapor pressure was 2.8 mm. 
At Alta Vista the correlation between the observed 
pressure nnd the maximum intensity, A, is +0.65. 
Applying n correction to the data, A, for variation in 
pressure, the mean deviation is reduced from f0.62 
per cent to f 0.47 per cent. 

Angstrom made eight simultaneous readings with the 
two instruments he employed there. The means of the 
two series of readings were identical, and from the mean 
of the differences between them, fO.O1l cal., the prob- 
able error of a single observation by one instrument is 

computed to be ‘01’ -= f0.41 per cent. The max- 

imum readin s a t  Alta Vista, corrected for pressure, 

error would be 85 per cent of t is, or f0.40 per cent, 
which is about the probable instrumental error. 

In  1909 and 1910 Abbot made observations at  Mount 
, four of which he reduced and published in 

a fifth day of high grade, August 25, 1909, yield a mean 
deviation of f0.47 per cent from the mean of A,, 1.70 
cal. The mean vapor ressure was 2.2 mm. 

In  August, 1913, A. %. hgstr i im made observations 
on eight days a t  Mount Whitney. Bigelow’s determin- 
ation of A, from ih strom’s data gave a mean of 1.664 

mean deviation of the transmission coe cient, a, was 
f0.55 per cent. The smallest air mass ranged from 1.09 
to 1.80. The mean vapor pressure was 2.7 mm. 

In  August and September, 1913, p heliometric 

under the direction of Bigelow, and his reductions show 
a mean value of A,, 1.740 cal., and a mean deviation 
of f0.59 per cent. Mean vapor pressure was 1.3 mm. 
The mean deviation of a was f 0.32 per cent. 

These four independent series, at elevations ranging 
from 3.25 tao 4.5 km., yield mean deviations of A,, ranging 
from f0.47 per cent to f0.59 er cent, with an avera e 

observations, 31, is not large, yet in view of the note- 
worthy consistenc of the results it seems reasonable to 

grade of excellence with vapor pressure 2.0 mm. or less, 
the mean devint.ion of A, will average not greater than 
f0.50 per cent of tho mean, and the probable error 
mound f0.40 per cent. 

Instead, a fi the variations diminish pari passu almost 

coinpelle as if to interpret those results as fixin the range 

1.61 

Yl 
gave a mean % eviation of f 0.47 er cent. The probable 

Vol. Whitney I1 of the Annals. These four days, together with 

cal., with a .mean f evistion of f0.54 er cent. The 

observations on eight days were made a t  I? a Codama 

!E 

of f0.54 per cent. While t%e total number of t E e 

infer that a t  an e r evation of 4.0 km. on days of a high 
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S d n e s s  of possible solar variation shown by s m d  
scatter qf A ,  on da s with ver low vapor presswe.-(a,) 
at Liz Ouiaca.a-Vaues Y of ,4. Y or 1913 were premed for 
definiteranges of vapor pressire and the resul; are' shown 
in Table 7. 

TABLE 7.-InfEicence of atmospheric water r q w r  on alalues and 
scatter of dl ut La Qitiaca 

1 Thew cases are included in the 31 eases with range 0.4 to 1.2. 

The relation between 9, and the vapor pressure is n 
linear one for values of e less than 5.5 mm. For each 
decrease of one millimeter in the vapor ressure there is 

value of A, corresponding to zero vapor pressure is 1.800 
calories. A plot of the above tabular values for the mettn 
vapor pressure and the mean variability of A, shows that. 
the relation between these two variahles can be represen- 
ted by a curve whose intersection with the asis at  zeru 
vapor pressure corresponds to 21, mean rnriabili ty vl' 
fO.O1O calories for A,, or f0.56 per cent of 1.500. The 
ap rosimate probable error is f0.35 per cent.. 

khe La Quia.ca data thus fully confirm the resu1t.s 
from the four fragmentary series above cited. The 
probable error of the best observations at air mass 1 with 
vapor pressure averaging 0.5 mm. is about fO.10 per 
cent. 

These high level observations, five inde endent series, 
aceorhnb 

remits, showing that at elevations of 3.5 to 4.5 kni. on 
excellent days wit'h vapor pressure averaging 1.5 mm. 
the probable error of the estrapolated intensity A, is 
about f 0.40 per cent. 

(b)  at Mount Wilson.-A selection of 53 determinations 
of A, a t  Mount Wilson during the years 1910 to 1930, 
exclusive of 1912 and 1913, comprising all days with 
preci itable water 3.5 mm. or less, and of very good or 

per cent, a mean deviation of f 0.80 per cent and a prob- 
able error of about f0.65 per cent. The mean vanabil- 
ity of E, during these years was about f1 .6  per ceni., 
and the probable error about f l . 1  per cent, or O.GO 

er cent greater than that of A, on high grade days. 
Fhese 53 selected days must be regarded as a random 
sample, and because of this the robable variation of 

from the variation based on all days. This value of the 
probable error of -4, on high grade days at Mount Wilson, 
is consistent with the va.lue, one-third less, derived from 
stations a t  elevations of 3.5 to 4.5 km. 

(e )  at C'aluma.-The probable error of the values of A ,  
at Calama during the years 1918 and 1919, grouped in 
accordance with amounts of precipitable water varying 
by half a millimeter, was 50.66  per cent for amounts of 
precipitable water averaging 1.0 mms., and increased t.o 

an increase of 0.044 calories in the va P ue of 9,. The 

were all made prior to 1911, and give cosely 2p 

excel P ent grade, yielded a mean variability of fO.9S 

true solar variation on these days s g ould not differ much 

8 It should be stated that a careful examination of the La Quiaca data show that o 
marked dlscontinuity in the value of -41 occurred about the middle of May for some 
unaccountable reason. The mean values of d l  and c for the month ending th; 16th was 
1.687 calories and 1.8 respoctivelv. For the remainder of the month the means were 
1.760 and 1.7. Thus with a neahv constant vapor pressure the value of A I  was higher 
by 0.07 cal. The two series were iegarded as each homogeneous. but in computing the 
mean variability the discontinulty was allowed for by taking the weighted average of 
the separate mean variabilities of the two series. 

f0.74 per cent for amounts averaging 4.0 mm. During 
this time the probable error of E, was about f0.90 per 
cent. It is probable that the reater prevalence of dust 

of scatter there as compared with Mount Wilson. 
The source and cat& of the va;ricc(tions in Al.-These 

may be summarized as (a) Solar variations. Small 
fluctuations are possible but not r d ,  ( 6 )  Atmos- 

heric variations, caused by the a sorption or scatter 
6y the variable contcnts, aqueous vapor, ice crystals 
and dust. The n.mount of these variations decreases 
with increasing altitude. (c)  Errors of observation, 
nearly constant a t  all altitudes. These include the 
error of eshpolation to air mass one, already discussed 
and t.he instrumental error. The probable error of a 
single observation by a cop er-disk pyrheliometer is 
stated b Abbot (Annals Vol. If, p. 163) to be 50.37 er 
ccnt, w h e  for the silver-disk instrument the mba \ le 
error is fO.20 per cent. This latter value is a oubtless 
too low for observations under average observing con- 
ditions. The Mount Wilson observations were made 
with a copper-disk instrument, as were the early observa- 
tions on Mount Whitney. Bigelow's observations in 
South America were made wit.h a silver-disk instrument. 
Of the Angst,roni observations nothing is known beyond 
the determination of the probable error of the instru- 
nients read at  Teneriffe in 1896, which, as stated above, 
was f0.41 par cent. 

If the probable error of A,  a t  4 km. be re arded as 

placed a t  f0.30 per cent, it  is obvious that after allow- 
ance is made for residual atmospheric variations, and 
error of extrapolation, litt,le is left for solar vanation. 

a t  Calania was partly responsib K e for the increased amount 

f0.40 per cent, and the probable instrument 9 error be 

COKCLUSIONS 

Summarizing the forwoing analyses, it  is found (1) 
that the fluctuations of afi day-to-day, and even monthly 
and yearly mean values of the solar constant are so 
unmistakably correlated wi tli the transparency of the 
atmosphere, with its water vapor content and seasonal 
charact,eristics t.liat they can not be regarded as even 
approximate values of real changes in solar intensity. 
(3) That whether the comparison is made between 

measurement,s of intensities and their scatter, made at 
widely different times and at stations differing greatly 
in altitude and therefore in actual air mass, or between 
intensibies, as if at  air mass one, and their scatter, at 
different high-altitude stations where skies are clear and 
water vapor content nearly zero, we arrive at the one 
result, that day-to-day and other short-interval fluctua- 
tions become progressively smaller, the dyer ,  clearer, 
and lesser the air mass through which incoming radiation 
passes before reaching the measuring instruments. 

A11 these results point to the conclusion that if one 
could but wholly remove t,he atmosphere with all its 
depletions and fluctuations of intensity of transmission, 
and all instrumental errors, scarcely any variations of 
radiation intensity would remain. The results are the 
more satisfactory because the data from whatever source 
tell the same consistent story, notwithstanding that the 
observations in some cases are few, made at  widely 
different times, at  widely separated stations, and by 
different observers using entirely different instruments. 

If it be conceded that small solar changes amounti 
to perhaps one to two-tenths of one per cent (measure 
as a probable error) are possible, it still remains necessary 
to prove their esistence. In  hlie meantime, one can 
scarcely fail to be impressed with the evidence for the 
almost absolute constancy of solar radiation. 

3 


